In this work, a bone damage resorption finite element model based on the disruption of the inhibitory signal transmitted between osteocytes cells in bone due to damage accumulation is developed and discussed. A strain-based stimulus function coupled to a damage-dependent spatial function is proposed to represent the connection between two osteocytes embedded in the bone tissue. The signal is transmitted to the bone surface to activate bone resorption. The proposed model is based on the idea that the osteocyte signal reduction is not related to the reduction of the stimulus sensed locally by osteocytes due to damage, but to the difficulties for the signal in travelling along a disrupted area due to microcracks that can destroy connections of the intercellular network between osteocytes and bone-lining cells. To check the potential of the proposed model to predict the damage resorption process, two bone resorption mechano-regulation rules corresponding to two mechanotransduction approaches have been implemented and tested: 1) Bone resorption based on a coupled strain-damage stimulus function without ruptured osteocyte connections (NROC); and 2) Bone resorption based on a strain stimulus function with ruptured osteocyte connections (ROC).
Introduction
The adaptation of bone to cyclic loads involves a complex physiological response that is targeted to local zones of damage. It has been suggested that osteocytes produce a signal proportional to mechanical loading by sensing strain and fatigue microcracks and transmit signals activating remodeling to remove bone where the damage is excessive [1] [2] [3] . It is widely accepted that the mechanotransduction of stimuli in bone by osteocytes is governed by several possible events, including shear stress along dendritic processes and/or the cell body, cell deformation in response to strain, and primary cilia [4, 5] . These events could occur independently or simultaneously to activate mechanotransduction.
Osteocytes are capable of transducing changes in mechanical stimuli into biochemical signals that regulate cellular responses [6, 7] . Frost [8] originally proposed that remodeling would occur to repair damage in bone. He suggested that the disruption of canalicular connections that occurred when cracks crossed them could provide the stimulus to initiate remodeling. Disruption of the inhibitory signal transmitted due to damage was proposed by Martin et al. [9] and has been considered by several authors as a fundamental mechanism that governs bone remodeling [4, [10] [11] [12] . Several finite element models have been developed to simulate the bone remodeling process, including bone resorption due to damage using local strain-damage stimuli functions [3, [13] [14] [15] . A limitation of these studies is that the osteocyte network inhibitory signal transmission due to damage accumulation within the bone tissue has not been incorporated into finite element models including opening and closure of cracks. It is agreed that osteocyte networks are the best candidates to transduce changes in strain and microdamage. They are thought to transmit a biochemical, electrical or any other type of signal to the lining cells at the bone surface [16] .
Garcia-Aznar et al. [15] proposed a finite element remodeling model based on a bone local stimulus function expressed in terms of a signal generated by the strain and the local bone damage sensed by osteocytes. The authors suggested that any local perturbation in the reception of this signal causes a certain degree of osteoblast/osteoclast activation, and they concluded that it is important to know how this signal is induced by strain and microdamage.
Several 2D simplistic studies considering the osteocytes network were proposed to develop models for real-time signaling induced in osteocytic networks by mechanical stimuli [17] and to simulate the signal loss due to osteocyte apoptosis [18] .
In this work, a bone resorption finite element model based on the concept of inhibitory signal transmission rather than on a local stimulus function has been developed and implemented in ABAQUS (Dassault Systèmes, USA). The model is based on the following two novelties: 1) At each bone site, osteocytes transduce locally the strain stimulus; and 2) A particular shape of a damage-dependent spatial function representing the connection between an osteocyte and the bone surface 'weighted' by the damage value inhibits signal transmission to the bone lining cells in the surface which can trigger bone resorption. The finite element model is based on the idea that the osteocyte signal reduction is not related to the reduction of the stimulus sensed locally by osteocytes due to damage, but to the difficulties for the signal in travelling along a disrupted area. To check the potential of the proposed model to predict the bone resorption due to damage accumulation, two mechano-regulation laws have been implemented and tested, corresponding to two mechanotransduction approaches: (i) Bone resorption based on a coupled strain-damage stimulus function without ruptured osteocyte connections (NROC), as proposed by García-Aznar et al. [15] ; and (ii) Bone resorption based on a strain stimulus function with ruptured osteocyte connections (ROC).
The fundamental difference between the proposed model and previously published ones [3, 11, [13] [14] [15] 19] is that the damage affects the signal transmission sensed by the osteocyte network expressed in terms of a damage-dependent spatial function rather than a local coupled strain-damage stimulus function. Also, contrary to previous works, the new model considers the difference between the damage accumulation effects in tension and compression in signal transmission to trigger bone resorption.
A further feature of the proposed model is that it will make it possible in future work to link the signal distribution to the biophysical mechanisms governed by the fluid transport within the pericellular matrix space of the lacunar-canalicular system.
Theory for fatigue damage modelling of bone
Taylor et al. [12] , using a combined continuum damage mechanics and finite element approach, proposed a preliminary study to simulate the fatigue behaviour of cancellous bone based on the assumption that the fatigue behaviour of trabecular bone is similar to that of cortical bone.
When dealing with loading histories composed of well-defined discrete cycles, an evolution law in terms of the number of cycles and their amplitudes is often considered more practical in the literature. The number of cycles N , is then regarded as a continuous time-like variable and the growth of damage, which occurs during discrete time intervals within a cycle, is spread over the entire cycle in a process of continuous evolution. Such a cycle-based formulation can be obtained in the form of:
where f N denotes the cycle at failure.
Integrating Eq. (1), leads to Chaboche's model [20] expressed by:
The cycle at failure f N can be computed using the experimental results presented in [11] that distinguish between compression and tension loads, respectively: 
where ε ∆ is the range of the applied microstrain.
The theory of continuum damage mechanics [14, 20] suggested that the damage variable can be considered as an index ranging from 0 to R D quantifying the local damage state of the material (Fig.1) . Figure 1 . Illustration of fatigue damage growth. R D is the critical damage value at which fracture occurs and f N is the cycle at failure.
Bone-damage resorption model
Two bone resorption mechano-regulation rules corresponding to two mechanotransduction In the case of model NROC: the resorption is triggered when the damage exceed locally a critical value (Equ. 8). In the case of model ROC: the resorption is triggered when the osteocytes connections are broken because damage (Equ. 20)
Model based on non-ruptured osteocyte processes (NROC)
Bone is a multiscale composite material composed of a tissue matrix and pores (voids).
Remodelling theories consist in the description of the time evolution of the different phases (bone and pores). Several approaches to remodelling activated by microdamage have been proposed [3, 11, [14] [15] 19] . Most of these models are phenomenological and describe the resorption process based on local damage theories. The models suggest that resorption occurs when a strain-damage stimulus function reaches its critical value corresponding to a pathological strain of 3500 µε [3] .
Resorption is then triggered locally or in the bone surface without taking into account the signal alteration through the cellular network due to the existence of microcracks that disrupt the network connectivity.
In continuous models for trabecular bone modeling, reduction/apposition of the bone mass is associated to an increase or a reduction in porosity. In fact, remodelling in cancellous bone is known to take place always on the surfaces of macrocopic voids. The application of a spatial function ensures that the remodeling process occurs at the bone surface and hence affects the porosity of the trabecular bone.
In the present work, a phenomenological averaged isotropic continuum model has been used to describe the resorption process based originally on McNamara and Prendergast [3] extended by
Hambli et al. [14, 19] . The primary focus here was to implement a model based on ROC to the bone surface to trigger resorption and check its validity.
The model described by Equations (5-8) is represented schematically in Figure 3 . [3, 14, 19] . The set of equations in relation of the model of Fig. 3 describing the change in bone density is given in [19] as:
Remodeling state Equation
Resoption due to disuse
Lazy zone (no formation and no resorption)
Resoption due to damage repair
where ρ is the bone relative density, t is time, R α , F α and D α denote the bone resorption rate due to disuse, forming rate and the bone resorption rate due to damage accumulation.
S , R S , F S and D S denote remodeling stimulus, set point of bone resorption due to disuse, set point of bone formation and set point of damage resorption, respectively.
It's important to note that Equ.(5) describes resorption due to disuse resulting from low strain level applied to bone site by inhibition of the stimulatory signal, while Equ. (8) describes resorption due to excessive damage (damage repair).
The new density value of the bone tissue is approximated using the forward Euler method by:
Combining damage definition and elastic modulus evolution in the framework of bone remodeling, the elastic modulus E at each bone location is calculated from the density, the bone mineralization and the damage according to Garcia-Aznar et al. [15] :
where C, p and q are experimentally derived constants, and α is the ash function that denotes the degree of bone mineralization expressed by Hernandez [21] :
with 0 α , max α and k denoting initial mineralization, maximum degree of mineralization and a parameter determining the shape of the temporal evolution curve, respectively.
Mullender and Huiskes [22] assumed that the mechanical stimulus is sensed by sensor cells (osteocytes) which initiate bone remodeling. From the finite element point of view, each element of the mesh contains a 'sensor' cell placed in its centroid. The effect of the centroid signal on bone remodeling decreases as the distance between the sensor cells and the bone surface location increases. The relative density at each location i is regulated by the local stimulus value i S to which all osteocytes contribute relative to their distance expressed by:
for the non-damage spatial function model (NROC),
where i µ is the mechanosensitivity of the osteocyte i, oc N is the number of osteocytes, and
is the non-damage spatial function.
Several stimuli functions have been proposed by various authors to describe the transduction process. In this work, a daily strain history based stimulus was used for the NROC model as suggested by Garcia-Aznar et al. [15] :
where a and c are parameters that define the transduction role of damage and strain variables, and ξ is the daily strain history proposed in [23] :
with j N denoting the number of load cycles per day, m j ε the level of the applied strain for each load case j, and m the stress exponent that weights the relative importance of the strain magnitude and the number of load cycles in the mechanical stimulus.
The spatial function ( )
for the NROC model was defined by Mullender and Huiskes [22] as:
where ( )
is the distance between the osteocyte i and the bone surface location x, and the parameter 0 d represents a normalization factor that limits the area of influence of the osteocyte. 
Model based on ruptured osteocyte processes (ROC)
In the case of ROC model, we propose a stimulus function expressed by:
is the proposed damage-dependent spatial function (ROC model).
The development of the ROC model is based on the following two concepts: 1) Osteocytes transduce the strain stimulus locally at each bone site.
2) A particular shape of the damage-dependent spatial function representing the connection between an osteocyte and the bone surface 'weighted' by the damage value inhibits signal transmission to the bone lining cells in the surface that can trigger bone resorption.
Depending on the position of an octeocyte, Mullender's model suggests that the only factor which affects bone surface remodeling is the distance ( ) x d i . Furthermore, the degree of damage seems to directly influence the initiation of bone remodeling. Martin [11] suggested that a major part or even all bone remodeling is induced by damage. Certainly, microcracks can destroy connections of the intercellular network between osteocytes and bone-lining cells. This and other items give rise to the ROC model. As outlined by Martin [6] , a permanent stress-generated signal is emitted by these cells in order to inhibit the activity of osteoclasts. A microcrack would thus interrupt the transmission of such a signal, causing the activation of remodeling (Fig. 5) . Based on the previous observations, disruption of the transmitted signal due to damage in the osteocyte network can be modelled by a reduction parameter depending on the average damage between the osteocyte and the bone surface (resorption sites value between an osteocyte and the (surface) in the form:
where
can be interpreted as the damage-dependent distance between the osteocyte i and the bone surface location x. Also, it is much more physics-based approach to modify the exponential parameter ( )
in Eq. 9 by including ( )
distance and a crack closure/opening damage parameter, in order to consider the difference between damage accumulation effects in tension and compression during bone resorption.
Here, we propose the following expression of ( )
where κ is a damage exponent that expresses the mechanosensitivity of the osteocyte process i in transmitting the damaged signal, and i η is a crack closure/opening damage parameter. The concept of continuous crack closure/opening consists in the expression of parameter i η suggested in [25] :
where i D is the damage at location i given by Eq. compared to the non-damaged one f (x) i (Fig. 4) . It has been hypothesized that bone remodeling is controlled at the cellular level through signals mediated by osteocytes [25] . This hypothesis has been supported by results from in vitro experiments by You et al. [26, 27] in which bone cells were subjected to a fluid flow generated by shear stresses. The results of an in vivo experimental study by Vashishth et al. [28] support the sensory role of osteocytes in human cortical bone and the decline of the osteocyte lacunar density caused by an accumulation of microcracks. Therefore, the resorption condition can be expressed by:
where R i f denotes the reference value of the transmitted signal triggering the osteoclast activity for bone resorption. This value can be related to the threshold strain amplitude (3500 µm) for damage accumulation in bone as reported in [3, 19] .
Note that, (i) in the case of the NROC model, Eq. (8) describes the rate of bone resorption due to local damage accumulation when the damage exceeds its critical value D R of about 2.6 E-10 [3, 19] (Fig. 2) and (ii) in the case of the ROC model, Eq. (8) is substituted Eq. (20) in the constitutive equations to represent the resorption due to excessive damage by the rupture of osteocyte processes.
Surface resorption condition algorithm
During remodeling, osteoclasts travel along the surface of the bone resorbing tissue and forming a resorption cavity [16] . Therefore, in the current model the resorption was restricted to bone surface in order to remove the damage. In the current work, a surface remodeling condition was implemented to ensure that bone resorption occurs at the bone surface. This implies that bone can be removed only from surface of the trabeculae during the crack repairing process. i.e. the stimulus coupled to damage is calculated at the bone volume and adaptation occurs accordingly at the bone surface located at the adjacent the damaged zone.
The bone surface condition is described by the following steps ( Fig. 7 ):
• at every FE (i) of the mesh, the algorithm compute the number (n surr ) of the FE surrounding of the FE (i),
• n surr <4 : the element is located at the bone surface and may be resorbed
• n surr =4 : the element is located in the bone volume and may not be resorbed (a) Surface element (in yellow) which may.
(b) Volume element (in yellow) which be be resorbed: n surr <4.
may not be resorbed n surr =4. Figure 7 . The surface remodeling condition procedure: at every FE (i) of the mesh, the algorithm compute the number (n surr ) of the FE surrounding of the FE (i).
The resorption surface condition is implemented for both models (ROC and NROC) to ensure that resorption starts at bone surface to reach the damaged area located deep in the bone.
Simulation of bone resorption
Macroscopic trabecular bone is a complex three-dimensional structure formed by single trabeculae.
As a first approximation and for simplicity, the geometry of a trabecula can be defined as a circular- A mesh is generated using four-node plane strain elements. Each element of the mesh i, contains 'sensor' placed into its centroid representing an osteocytes density. Using one osteocyte centred at each finite element makes the problem mesh dependent. From finite element point of view and to avoid mesh dependent problems, we define in the present work an (osteocyte density)/(FE volume or area) ratio on every finite element of the mesh. In this case, the local stimulus computed on every finite element is weighted by its size.
The weighted local stimulus can be expressed by: A force was applied along the y direction applied to the bottom edge as illustrated in Figure 8 . An axial cyclic load of 10 N of 5 000 cycles/day during 120 days was applied. This value generates in the finite element model a pathological strain of 3700 µm which is above the 3500 µm reported by McNamara and Prendergast [3] as the threshold strain amplitude for damage accumulation in bone.
The bone material parameters used are indicated in Table 1 . Table 1 . Material properties for bone used in the remodeling simulation Figure 9a shows that in the case of the (NROC) model, the resorbed bone region corresponds to the completely damaged area located in the thin crack path. A significant difference can be observed between ROC and NROC models. Application of the proposed ROC model predicted a larger resorbed area corresponding to both the damaged area due to local excessive damage and its border that represents the region of the disrupted signal (Figure 9a ). The NROC model predicted smaller resorbed region compared to ROC one. This can explained by the fact that the NROC model focus the resorption of the damaged sites only generating a small resorption of cavity. 
Results

Fatigue damage
The current model demonstrated that introducing a fatigue microcrack alters the forming signals in bone and triggers resorption in the cracked area, suggesting that disruption of canalicular connections between osteocytes could provide the stimulus to initiate remodeling to repair damage in bone. In addition, it can be noticed that incorporating the surface condition resorption algorithm was necessary to simulate the creation of a resorption cavity at the surface of a bone to repair the damaged tissue located in the bone volume.
Discussions
Bone can repair itself. Small cracks, which grow under cyclic stresses by the mechanism of fatigue, can be detected and removed before they become long enough to be dangerous. Although assumed for a long time, the relationship between the locations of bone formation and resorption and the local mechanical environment is still under debate [30] . The lack of suitable imaging modalities for measuring bone formation and resorption in vivo has made it difficult to assess the bone formation and resorption experimentally. The experimental work of Burr et al. [31, 32] has shown that resorption cavities occur mainly in bone regions of microdamage in cortical and it is generally assumed that the same is true in cancellous bone. This occurs in the form of small cavities at microscale to remove the cracked bone. At this hierarchical level, microstructure of bone is formed by an arrangement of microfibriles, fibrils and fibers to form trabecular and cortical bone [33] . The microscopic fracture of bone tissue involves deformation and failure at multiple bone structural levels, ranging from the nanoscale mineral platelet/tropocollagen molecule interface, through microfibrils-fibrils-fiber scale, to crack propagation at microscopic scale (trabeculae and osteons).
Such structural organization, generate material and structural anisotropy which may play a major role on (i) the fluid flow, (ii) the local fatigue microcracks initiation and propogation (iii) and the distribution of the osteocytes which sense the stimulus. All these factors may play a main role on the damage resorption due microcracks accumulation.
Osteocytes are sensory cells which are capable of detecting the local mechanical and biochemical environment and conveying signals to each other and to other bone cells, thereby influencing the bone remodeling response. Knothe Tate et al. [34] proposed that a reduced osteocyte density in microdamaged bone may diminish the percentage of cells responsive to the mechanical loading of bone, thereby reducing the signaling to other bone cells on the surface. Also, the increased number of bone remodeling sites with overuse is preceded by programmed cell death in osteocytes [9, 10] .
The factors that initiate osteocyte apoptosis are not well understood, but may include direct damage to osteocytes via microcracks in the bone matrix or lack of convective fluid flow during disuse or disruption of the osteocyte processes. These findings support the idea that bone resorption due to damage accumulation may be related to the inhibitory signal transmitted through the osteocyte network. The proposed ROC model is an attempt to describe the inhibitory concept of damage.
The direct comparison between current predicted results with in vivo or ex vitro experimental data is very hard to achieve due to the difficulties to perform experiments related to the 3D network of osteocytes. Previous osteocytes network models [17, 18] were not able also to perform such a validation for the same reason.
The predicted results using the ROC model lead to a resorbed area that is larger than that of the conventional (NROC) model. Both the cracked zone with excessive damage and the region on its border representing the osteocyte network connections are removed. The obtained results based on the proposed damage-dependent distance function are in conformity with the conclusions presented in [35] [36] [37] suggesting that the mechanisms of bone formation and bone resorption are triggered at the bone cellular network level. An experimental study presented in [34] showed that osteocyte apoptosis is induced by bone fatigue and localized to the regions containing bone microcracks.
Hazenberg et al. [2] have shown that microcracks in bone cause damage to the cellular material, by rupturing cell processes due to crack opening and shear displacements. The authors proposed that the number of broken cell processes may be a mechanism by which bone is able to estimate the crack size and orchestrate its response either by remodelling or by bone deposition on the outer surface.
Hambli [38, 39] showed that differences between damage accumulation in tension and compression control the bone response. In the proposed model, a crack closure/opening damage parameter has been incorporated in the damage-dependent spatial-function to describe the effects of opening and closure of cracks within the bone.
The two widely used measures for the mechanical stimulus of bone are the magnitude of the shear stress created by a fluid passing over the cell at the microscopic level, and a macroscopic scalar function at whole bone level expressed in terms of the relationship between damage-strain-stress components. The development of this first ROC model for damage accumulation effects in osteocyte signalling networks leads to more realistic predicted bone resorption results in conformity with previously published ones.
Although many details of the mechanosensory system of the bone remodeling processes are still unknown, we have shown that a relatively simple regulatory bone remodeling based on the inhibitory signal transmitted due to damage accumulation may in some apects predict results in conformity with previously published results. Indeed, repetitive loading of bones has been shown to induce fatigue microdamage in the form of microcracks and areas of diffuse damage [39] [40] [41] .
The existence of microdamage within bone has been reported to induce localized osteocyte apoptosis surrounding individual microcracks and that osteoclastic activity was over represented at sites of microdamage [39, 43] which subsequently leads to targeted remodeling. Martin, 2007 [44] suggested that the osteoclasts are able to sense and steer toward microdamage sites. Burr et al. [45] showed that within 8 days of the introduction of fatigue microdamage in canine radii by in vivo flexural loading, osteonal Basic Multicellular Unit (BMU) resorption spaces are found in proximity to microcracks about seven times more frequently than would be consistent with random associations. Experiments performed in rats by [37, 46] demonstrated that the time dependent migration of osteoclasts into regions of cortical bone containing experimentally induced microdamage have strengthened the argument for the targeting of damage in bone.
In the present work, a finite element model that simulates trabecular bone resorption based on the inhibitory signal transmitted through the osteocyte network has been developed
The model is based on the idea that the osteocyte signal reduction is not related to the reduction of the stimulus sensed locally by osteocytes due to local damage but to the difficulties for the signal in travelling along a disrupted area. The concept has been suggested previously by several authors, but no finite element models have been developed to describe bone remodeling based on this idea.
Here, a remodelling model based on a stimulus function coupled to a damage-dependent spatial function influence is proposed to describe the bone damage inhibitory effects in the osteocyte transmission network, including opening and closure of cracks within the bone.
The aim here was not to simulate the bone resorption for a real trabeculae. The focus was to mathematically develop the concept of bone resorption based on ruptured osteocytes connections and its implementation into a FE code to check its validity by comparing the obtained results to previously developed resorption model which is considered as the gold standard.
From a numerical point of view, the proposed model considers that every finite element of the mesh contains an osteocyte density and that these osteocytes are connected in the form of a network.
Depending on the fatigue damage level, the signal transmitted within the osteocytes network is disturbed preventing the mechanical signal transmission which trigger in turn the bone resorption to repair fatigue damage in bone.
